We explore the near-infrared (NIR) K-band properties of galaxies within 93 galaxy clusters and groups using data from the Two Micron All Sky Survey (2MASS). We use X-ray properties of these clusters to pinpoint cluster centers and estimate cluster masses. By stacking all these systems, we study the shape of the cluster luminosity function and the galaxy distribution within the clusters. We find that the galaxy profile is well described by the NFW profile with a concentration parameter c ∼ 3, with no evidence for cluster mass dependence of the concentration. Using this sample, whose masses span the range from 3 × 10 13 M ⊙ to 2 × 10 15 M ⊙ , we confirm the existence of a tight correlation between total galaxy NIR luminosity and cluster binding mass, which indicates that NIR light can serve as a cluster mass indicator. We find that the mass-to-light ratio is a weakly decreasing function of cluster radius, and that it increases with cluster mass. We also derive the mean number of galaxies within halos of a given mass, the halo occupation number. We find that the mean number scales as N ∝ M 0.85±0.04 for galaxies brighter than M K = −21, indicating high mass clusters have fewer galaxies per unit mass than low mass clusters. Using published observations at high redshift, we show that higher redshift clusters have higher mean occupation number than nearby systems of the same mass. By comparing the luminosity function and radial distribution of galaxies in low mass and high mass clusters, we show that there is a marked decrease in the number density of galaxies fainter than M * as one moves to higher mass clusters; in addition, extremely luminous galaxies are more probable in high mass clusters. We explore several processes-including tidal interactions and merging-as a way of explaining the variation in galaxy population with cluster mass.
introduction
Understanding galaxy formation is one of the most outstanding challenges in cosmology. The development of both semianalytic (e.g. White & Rees 1978; Kauffmann et al. 1993; Cole et al. 2000 , among others) and numerical (e.g. Kauffmann et al. 1999; Springel et al. 2001 ) modeling have enjoyed tremendous success, in the sense that those models are able to match several observed properties, such as the galaxy luminosity function (LF), the morphological mix, the color, the mass-to-light ratio of the galaxies . But as the quality of the observational constraints improves, we can expect additional theoretical challenges (e.g. Benson et al. 2003) .
The clustering properties of dark matter and galaxies pose another tough task, for both theorists and observers. The recent advent of the so-called halo model has introduced an important new tool on this subject (e.g. Seljak 2000; Peacock & Smith 2000; Scoccimarro et al. 2001) . The essential ingredients of this model include a description of halo abundance as a function of cosmic time and halo mass (the mass function, e.g. Press & Schechter 1974; Sheth & Tormen 1999; Jenkins et al. 2001 ), a model for halo structure (e.g. Navarro et al. 1997; Moore et al. 1998) , and a prescription for the bias of haloes (e.g. Mo & White 1996; Sheth & Tormen 1999) .
The halo occupation distribution (HOD) is a powerful tool which links the physics of galaxy formation with the clustering of dark matter and galaxies (Benson et al. 2000; Kauffmann et al. 1999; Berlind & Weinberg 2002; Berlind et al. 2003; Kravtsov et al. 2003) . It assumes that the evolution and clustering of haloes are determined by the underlying cosmology, and that the physics that governs galaxy formation specifies the way galaxies populate the haloes. The calculations of various power spectra of dark matter and galaxies are a natural outcome.
The important ingredients within the HOD framework are the mean number of galaxies per halo N as a function of halo mass, the probability distribution that a halo of mass M contains N galaxies P (N |M ), and the relative distribution (both spatial and velocity) of galaxies and dark matter within haloes (Berlind & Weinberg 2002) .
Here we aim to provide observational constraints on the HOD, based on our study of 93 clusters and groups using data from the Two Micron All-Sky Survey (2MASS, Jarrett et al. 2000) . Using X-ray properties of these clusters to define the cluster center and estimate the cluster binding mass, we determine the mean halo occupation number N as a function of mass from ∼ 3 × 10 13 M ⊙ to ∼ 2 × 10 15 M ⊙ and also investigate the galaxy distribution and luminosity function within the clusters. We discuss the bearing of the N -M relation on the hierarchical structure formation paradigm.
Part of our analysis is built on the tools that we develop in an earlier paper (Lin et al. 2003, hereafter paper I) , where we examined the near-infrared (NIR) galaxy luminosity-cluster binding mass correlation (L-M relation) for a sample of 27 nearby clusters, using the second release of the 2MASS data. Here, for a much larger sample, we will study the galaxy distribution within the clusters and the faint-end shape of the cluster luminosity function, solve the K s -band luminosity functions for individual clusters, and derive the total light and galaxy number within the virial radius as a function of cluster binding mass. Our findings provide some constraints on cluster evolution scenarios.
In §2 we briefly describe the technique developed in paper I for examination of the cluster NIR L-M relation. Next in §3 we begin our analysis with two fundamental properties of galaxy clusters: the luminosity function (LF) and the spatial distribution of the member galaxies. With constraints on galaxy distributions both in real space and in luminosity space derived directly from the data, we proceed to calculate the L-M relation, point out the importance of the contributions from the brightest cluster galaxies (BCGs) ( §4.1), and examine the mean halo occupation number ( §4.2). We investigate the possible mechanisms that are responsible for the observed behavior of the halo occupation distribution in §5. Possible systematics that may affect our results are discussed in §6. Finally, in §7, we summarize our results. The Appendix provides some further tests of the robustness of our analysis.
Throughout the paper we assume the density parameters for the matter and the cosmological constant to be Ω M = 0.3, Ω Λ = 0.7, respectively, and the Hubble parameter to be H 0 = 70 h 70 km s −1 Mpc −1 .
analysis overview
Our analysis begins with identifying a sample of clusters which have reliable mass and cluster center estimates. Based on this information we extract galaxies from the 2MASS extended source catalog that lie within the virial radius for each cluster. The number and light of member galaxies in each cluster are estimated in a statistical sense. We first stack the radial distributions of galaxies to study the galaxy distribution. We then build a composite luminosity function from all clusters in the sample, which allows us to examine the faint end slope of the luminosity function (LF) . With this information, we can derive the luminosity functions of individual clusters in a selfcontained way. Equipped with these tools, we are able to address issues relating to the halo occupation distribution ( §4), and the possible transformation of galaxy populations as low mass clusters accrete, merge and grow into high mass clusters ( §5).
X-ray observations provide robust estimates of cluster binding mass and the position of the center. In particular, the tight correlation between emission-weighted mean X-ray temperature T X of the intracluster medium (ICM) and cluster total mass indicates that T X serves as a good proxy for mass (e.g. Evrard et al. 1996; Finoguenov et al. 2001) . We therefore assemble our sample from several existing X-ray cluster samples (Mohr et al. 1999; Reiprich & Böhringer 2002; Finoguenov et al. 2001; Sanderson et al. 2003; David et al. 1993; O'Hara et al. 2003) , and use measured T X (i.e. not inferred from X-ray luminosity or other observables) to estimate cluster mass. The redshift information is obtained from NED and/or SIMBAD, and the above catalogs. The emission-weighted mean X-ray temperature is also taken from the literature cited above. The X-ray centers are either estimated from archival ROSAT images, or taken from literature (Reiprich & Böhringer 2002; Böhringer et al. 2000; Ebeling et al. 1996 Ebeling et al. , 1998 .
We only consider systems which do not have nearby neighbors: we eliminate the systems that have clusters or groups with measured redshifts (i.e. confirmed identity) lying within a circle of 2 ∼ 3 virial radii projected on the sky. We further remove the systems for which the signalto-noise is too low, i.e. the ratio of the number of galaxies within the virial radius to the estimated statistical background/foreground galaxy number (see below). Finally, to reduce any confusion from stellar objects in the 2MASS catalog, we select systems at galactic latitude |b| > 10 • . With these criteria we end up with a sample of 93 clusters and groups (hereafter we often refer to all systems in our sample as clusters, for simplicity). The X-ray temperature in our sample ranges from 0.8 to ∼ 12 keV, with a redshift range 0.01 z 0.09.
Given T X of the clusters, we use the mass-temperature (M -T X ) relation provided by Finoguenov et al. (2001) 
to obtain M 500 ≡ (4π/3)500ρ c r 3 500 , the mass enclosed by r 500 , within which the mean overdensity is 500 times of the critical density of the universe ρ c . The virial radius r 200 is converted from r 500 using the profile proposed by Navarro et al. (1997, hereafter NFW) with concentration c dm = 5 (e.g. van der Marel et al. 2000; Biviano & Girardi 2003) . We then search the 2MASS all-sky release archive to collect galaxies that lie within r 200 and are brighter than the completeness limit K s,lim = 13.5 (hereafter we denote K s as K for simplicity). We use the "20 mag/square arcsec isophotal fiducial elliptical aperture magnitude" of the 2MASS final release. We estimate the total magnitudes by subtracting 0.2 mag from the isophotal magnitudes (Kochanek et al. 2003) . The number and brightnesses of foreground/background galaxies that lie within the cluster virial region is estimated from the log N − log S relation derived from the 2MASS all-sky data (T. Jarrett 2003, private communication) . The background subtracted galaxy number and luminosity, N obs & L obs , enable us to solve for the cluster LF, which is assumed to be of the Schechter (1976) 
where the parameters L * , φ * and α are the characteristic luminosity and number densities, and the faint-end power law index, respectively. We seek constraints on α directly from our data by stacking the luminosity functions of galaxies in all 93 clusters ( §3.2). The remaining two parameters are then determined from the two observables. We note that the BCGs usually do not conform to the cluster LF, and we treat them separately when determining the number count and luminosity required to solve for the LF parameters. We identify BCGs as the brightest galaxies within the cluster virial radius, and we obtain their redshifts from NED to ensure cluster membership. A further investigation on the BCG properties will be presented in a separate paper (Lin and Mohr 2004, in preparation, hereafter paper III) . Once L * & φ * are found, we integrate the LF to obtain the total luminosity and number of galaxies (now including the BCGs) to a limiting magnitude M K,low = −21. Our approach is described in greater detail in §2 of paper I.
basic properties of stacked clusters
In this section we first study the galaxy distribution in clusters by their surface density profile ( §3.1), then in §3.2 examine the composite cluster LF (especially the faint-end behavior). These are needed for the next section, where we solve for the LF for each cluster and find the expected galaxy (subhalo) number.
Galaxy Surface Density Profile
An important aspect of the HOD formalism is the galaxy distribution within dark matter haloes. Different distributions will result in different clustering statistics (e.g. twopoint correlation function) at small scales (Seljak 2000; Peacock & Smith 2000; Berlind & Weinberg 2002) . Here we study the galaxy distribution within our cluster sample by stacking the projected galaxy distributions.
Large N -body simulations suggest that dark matter has a "universal" density profile (NFW, Navarro et al. 2003) . The profile is characterized by a scale radius r s ≡ r 200 /c dm , where c dm is the concentration parameter. The overall normalization of the density profile is characterized by the halo formation epoch; when the normalization is scaled out, haloes of different mass are expected to have the same structure. We therefore stack the clusters with radial distance scaled by their virial radii r 200 .
Because of the different nature of galaxies and dark matter, it is not necessary that both follow the same distribution. We express the 3D number density profile as n(x) = n 0 x −1 (1 + x) −2 , where n 0 is the normalization, and x = c g r/r 200 . Note that we allow the galaxies to have concentrations different from that of dark matter. The surface density is then an integral of the 3D profile Σ(x) = 2n 0 r s π/2 0 cos θ(cos θ + x) −2 dθ (see e.g. Bartelmann 1996) .
We assume the observed surface density is composed of the projection of the cluster profile and a constant background. The best-fit surface density profile is determined by a maximum likelihood method. Specifically, we minimize the quantity
where N obs is the total number of galaxies in the stacked cluster, x i is the radial distance of the i-th galaxy, N tot is the model prediction of the total number of galaxies (member galaxy number N cls plus background) as a function of n 0 & c g , and G is a Gaussian with mean of N tot and standard deviation √ N tot . In the fitting routine we allow the parameters N cls and c g to vary, while N tot is constrained by the Gaussian kernel to reproduce the observed total galaxy number N obs . Fig 1 shows the radial distribution of galaxies in the stacked cluster from ∼ 0.02 r 200 out to 2.5 r 200 , as well as the best-fit NFW profile (which is obtained using the data out to r 200 only). Out to the virial radius, the stacked cluster contains 6608 galaxies (the BCGs are excluded), of which 1467 are estimated to be background. It is interesting to see how well the simple NFW model fit works out to r r 200 , given that we only use a statistical background subtraction method, and the fact that we do not pre-select the clusters to be circular/regular in shape or in dynamical equilibrium. The galaxy concentration is c g = 2.90 +0.21 −0.22 , where the uncertainties are determined from the relation ∆χ 2 = −2∆ log L with two degrees of freedom. We also notice the unit of the surface density is "number per virial area". The best-fit NFW profile is shown. The fit is obtained by fitting the data within r 200 only. The figure shows the distribution of 6608 galaxies, of which 1467 (22%) are estimated to be background. The lower panel shows the residuals (differences between data and the fit) in units of standard deviation, which is estimated by assuming Poisson statistics within each radial bin.
The figure shows that the NFW model is a reasonable description of the galaxy distribution out to large radius. This is consistent with the analyses of 14 CNOC clusters at intermediate redshifts (z ∼ 0.3, Carlberg et al. 1997; van der Marel et al. 2000) , who found that c g = 3.7 & 4.2, respectively. In particular, in comparison to the galaxy surface density fit of the latter (see their equation 2), our nearby 2MASS clusters seem to have a slightly broader distribution. Using clusters drawn from the ENACS, Adami et al. (1998 Adami et al. ( , 2001 find that a profile with a core is generally preferred over a cuspy profile. Although the distribution of fainter (e.g. M K > −22.5 mag) galaxies in our sample indeed can be well described by β-models, the distribution of all (or brighter) galaxies is better fit by cuspy profiles such as the NFW or a generalized-NFW profile (of the form n(x) ∝ x −a (1 + x) a−3 with 1 < a < 2, e.g. van der Marel et al. 2000) . In fact, a generalized-NFW profile with a = 1.07, c g = 2.71 provides a good fit to the total galaxy distribution as well.
We note that the concentration parameter we obtain is the galaxy number weighted average over all clusters. As shown in §5.2, the galaxy concentration in high and low mass clusters is similar, and so the value obtained from all clusters is representative. The concentration c g we find lies at the lower bound of measured dark matter concentrations c dm ; there have been many attempts to study the matter distribution within clusters, via analysis of galaxy dynamics (e.g. van der Marel et al. 2000; Biviano & Girardi 2003; Katgert et al. 2004 , c dm ∼ 4 − 5), X-ray emission from the intracluster medium (e.g. Pratt & Arnaud 2002; Lewis et al. 2003 , c dm ∼ 4 − 5), weak/strong lensing (e.g. Clowe & Schneider 2002; Arabadjis et al. 2002, c dm ∼ 3−8) or the caustic approach (e.g. Geller et al. 1999; Biviano & Girardi 2003; Rines et al. 2003, c dm ∼ 4 − 17) . In general these findings are in agreements with the direct numerical simulations of the dark matter clustering (e.g. NFW, Bullock et al. 2001) .
We can also compare our result with the numerical studies in which distinct subhaloes are resolved. Combining high-resolution numerical simulation and semianalytic galaxy formation model, Springel et al. (2001) find that galaxy distribution in their simulated Coma-like cluster is not the same as that of the dark matter. More recently, a study of subhalo properties within a large cluster ensemble shows that the subhaloes are less concentrated than the mass (De Lucia et al. 2004 ).
In the following sections, we take c g = 3 when converting the number of galaxies contained in the cylindrical volume to that in the virial sphere, necessary when we solve for LFs for individual clusters ( §4.1). On the other hand, we use c dm = 5 for conversion between different cluster radii (e.g. r 500 to r 200 ). We return to the surface density profile in §5.2 for a subset of our sample.
Cluster Luminosity Function
We stack the clusters in luminosity space to generate a composite LF as follows. For each cluster, we transform the apparent magnitudes of all galaxies within the cluster virial radius r 200 to absolute magnitudes, assuming all galaxies are at the cluster redshift. Galaxy magnitudes are then binned with 0.25 mag width. The faintest bin corresponds to the bin whose faint edge is just above (brighter than) the absolute magnitude of the 2MASS completeness limit at the cluster redshift. The log N − log S relation is translated to absolute magnitude for statistical background subtraction. We then apply the k-correction of the form k(z) = −6 log(1 + z), following Kochanek et al. (2001) . The estimated number of cluster member galaxies is divided by the cluster volume (adjusted from a sphere to a cylinder to take the projection effect into account, see §3).
The Schechter function generally underestimates the abundance of very bright galaxies, which is mainly due to the presence of the BCGs (e.g. Schechter 1976; Goto et al. 2002; Christlein & Zabludoff 2003) . Their luminosity seems to be drawn from a distribution different from the usual cluster LF. We treat these objects separately when solving the cluster LF for individual clusters, and also do not include them when stacking the LFs. We discuss the effects of the BCGs on the light-mass relation in §4.1. Figure 2 shows the composite LF, which is comprised of 5932 galaxies, of which 1256 are estimated to be background. Although the bright end shows the expected exponential drop, the scatter at the faint-end needs further discussion. Statistical background subtraction is adequate when a bin contains contributions from several clusters from different areas on the sky. However, we notice that only a couple of clusters contribute to the faintest bins, and this together with the growing background correction may explain the larger scatter. Nevertheless, we expect the behavior of the composite LF to represent the underlying true cluster LF at M K −5 log 10 h 70 ≤ −21. In Fig 2 two fits are shown (obtained via chi-square fitting): the dashedline (α = −0.84 ± 0.02, M K * − 5 log 10 h 70 = −24.02 ± 0.02, φ * = 4.43 ± 0.11h 3 70 Mpc −3 ) is the best-fit, which seems to fit most of the bins at the bright end (we notice that the small number of galaxies in the faintest bins makes their statistical weight small). On the other hand, the solid line, which is obtained by fixing α at −1.1 while letting the other two parameters vary, may reflect the gradual rise at the faint end more faithfully (M K * = −24.34±0.01, φ * = 3.01 ± 0.04 Mpc −3 ). Although it is reasonable to assume the true value of α lies within these two values, in the absence of deeper photometry (with depth to M K = −19 or so) or an even larger sample of nearby clusters, we will assume α = −1.1, the same value we use in paper I, in the following sections. In §6 we will test the sensitivity of our results to the choice of α. It is important to compare our results to previous studies: Balogh et al. (2001) use the second incremental release data from 2MASS to build a composite LF for clusters, based on 274 cluster galaxies with redshift measurements from the Las Companas Redshift Survey. Despite the large scatter due to the small number of galaxies in their sample, they find that M K * = −24.58 ± 0.40 and α = −1.3 ± 0.43. The agreement in M K * is encouraging, while the difficulty in determining α is illustrated. Our M K * is also close to the value in more distant clusters: M K * = −24.27 ± 0.49 for the z = 0.15 bin in the sample of De Propris et al.
(1999, note that they assume α = −0.9). Using a sample of 5 clusters which span a large range in redshift, Trentham & Mobasher (1998) estimate that α = −1.38 ± 0.24 in K-band and find the slope is not a strong function of redshift. A study of a z = 0.3 cluster in K-band finds α = −1.18, and the exact value may depend on the location within the cluster (Andreon 2001) . In H-band the existing studies show similar values for α (Andreon & Pelló 2000; Tustin et al. 2001 , but see De Propris et al. 1998 .
In optical bands there are many systematic studies of the cluster LF. For example, the 2dF collaboration studies a sample of 60 clusters in b J band and finds that the composite LF is characterized by α = −1.28 (De Propris et al. 2003) . This study finds that there is little variation in the LF between low and high mass clusters (see §5.1). Using the SDSS commissioning data Goto et al. (2002) study a large sample of clusters and find that the slope becomes less steep in redder bands (see De Propris et al. 2003; Goto et al. 2002 for comparisons between various studies).
We can also compare the cluster LF with the "field" LF. From 4192 galaxies with redshift measurements, Kochanek et al. (2001) find that M K * = −24.16 ± 0.05 and α = −1.09 ± 0.06, using the 2MASS data. Recently, by combining the 2MASS and SDSS EDR photometry, Bell et al. (2003) find that α = −0.77 and M K * = −24.06. At slightly higher redshift (0.1 < z < 0.3), Feulner et al. (2003) find M K * = −24.56 ± 0.24, and α = −1.1. Overall, the field and the cluster LF are similar, which is in agreement with the findings of previous studies in red bands (e.g. Trentham & Mobasher 1998; De Propris et al. 1998; Christlein & Zabludoff 2003; Andreon 2003) .
The cluster LF within a smaller area (r 500 ) is very similar to that obtained at r 200 , with a higher signal-to-noise ratio with respect to the background; the LF is composed of 3785 galaxies, of which 549 are estimated to be background. The best-fit Schechter parameters are α = −0.83 ± 0.02, M K * − 5 log 10 h 70 = −24.02 ± 0.03, φ * = 10.06 ± 0.29h 3 70 Mpc −3 ; these are almost identical to that obtained at r 200 , with a larger φ * . This larger value is expected because, by definition, the region enclosed by r 500 is denser than that within r 200 . Furthermore, the ratio φ * ,500 /φ * ,200 = 2.27 is intriguing: a galaxy distribution with c g = c dm = 5 gives φ * ,500 /φ * ,200 = 2.5, while a c g = 3, c dm = 5 model gives a ratio of 2.3, which is in better agreement with the above value. This is another indication that the galaxies follow an NFW distribution, but have a smaller concentration compared to the dark matter.
statistical properties of cluster ensemble
Using the composite LF and galaxy distribution in our data, we calculate the total light for each cluster and examine the L-M relation, paying particular attention to the BCGs, which we neglect when creating the composite cluster LF and galaxy distribution. We show that exclusion of the light contributions from the BCGs significantly changes the L-M relation. Specifically, we will see that without these BCGs, the galaxy light in clusters reflects the galaxy number. We discuss possible implications of this finding for cluster formation scenarios, and we further examine constraints on these scenarios in the next section.
In this section we present quantities estimated within r 500 rather than r 200 , simply because the ratio of member to non-member galaxies is larger. Table 1 contains parameters for the scaling relations presented in this section, derived at both r 500 & r 200 . In Table 2 we present the derived quantities (Schechter function parameters, total light and galaxy number) for the clusters in our sample.
Luminosity -Mass Correlation and the Effects of
the Brightest Cluster Galaxies Fig. 3 .-K-band luminosity-mass correlation within r 500 . The best-fit relation has a slope of 0.72 ± 0.04. The scatter about the best-fit is 31%. For most of the clusters the uncertainties in light is smaller than the size of the points. For clarity we do not show the uncertainty in cluster mass (see Fig 5) . At the top is the X-ray temperature, from which M 500 is estimated (see Eqn 1). Fig 3 the correlation for the ensemble of 93 clusters. The systems in our sample, which span one and a half orders of magnitude in mass, show striking regularity in their total NIR galaxy light. The figure also shows the best-fit relation, which is obtained by minimizing the vertical distance from the data points to the line:
We show in
where the uncertainty is obtained from bootstrap resampling and refitting 1000 times. The Spearman correlation coefficient is 0.86, with a probability of O(10 −28 ) that such a correlation happens by chance. As in paper I, we obtain the total light by integrating the LF of individual clusters from a limiting luminosity corresponding to M low = −21. Changing this luminosity does not affect the slope we find. However, we caution that more massive clusters tend to be more distant (because our sample is roughly X-rayselected), integrating their LFs requires more extrapolation than low mass systems. We discuss possible systematics associated with this, and the choice of the faint-end slope of the LF in §6.
Our result confirms the existence of the NIR L-M relation we found in paper I, and the slopes are consistent: based on 27 clusters, using the second incremental release data we found L 500 ∝ M 0.69±0.09
500
. We notice that the similarity between the slopes found is a coincidence: the inclusion of the k-correction, which is ignored in paper I, reduces the slope. Furthermore, the amplitude of the current L-M relation is ∼ 20% smaller than that found previously. This is primarily due to the inclusion of the k-correction (12%) and the different galaxy concentration (6%).
The rms scatter about the best-fit scaling relation (Eqn 4) is ∼ 31%. We note that because the total light depends on the cluster mass, the scatter may well be a mix of some intrinsic scatter in the K-band light and that due to the X-ray M -T X relation. In order to estimate the intrinsic scatter in the K-band light, we examine the light contained within a fixed metric radius of 0.75 Mpc (instead of fixed overdensities), as this way the quantities in the two axes are independent. In addition to luminosity uncertainties, we add a component σ 2 int that represents the intrinsic scatter in the χ 2 fitting. The best-estimate of σ int is such that the reduced χ 2 = 1. We find this indicates that 26% scatter in the L-M relation would be intrinsic. This impressive regularity, combined with the wide range in mass over which the light correlates with mass, shows the potential use of the galaxy NIR light as a proxy for cluster binding mass (to an accuracy 43%), which will be very useful in optical/NIR cluster surveys. We further investigate this aspect in §7. 
where the normalization mass is the M 200 corresponding to that used in Eqn 4. In obtaining this, we solve for individual cluster LFs at r 200 . The individual L * s are not very different from those solved at r 500 ; the mean of the ratio of the two quantities for all the clusters is L * ,500 /L * ,200 = 1.07. However, as we note in §3.2, the characteristic den-sity is very different. We have φ * ,500 /φ * ,200 = 2.22, which is very close to the ratio obtained from the fits to the composite LFs. Furthermore, the ratio of the mass-to-light ratios evaluated at the two radii is Υ 500 /Υ 200 = 1.04. This means that the cluster mass-to-light profile is only slightly decreased toward larger radii, which is consistent with some previous findings (e.g. Rines et al. 2001; Katgert et al. 2004; see Biviano & Girardi 2003 for a review). An equivalent way of stating this is that light increases only a bit faster with radius than the mass does (our results imply that L 200 /L 500 = 1.43, compared to M 200 /M 500 = 1.38 for an NFW profile with c dm = 5). An immediate implication of the L-M relations found here is that the cluster mass-to-light ratio is an increasing function of mass. Figure 5 shows the mass-to-light ratio calculated at r 200 , Υ 200 . The best-fit relation is identical to that inferred from Eqn 5. The uncertainties in Υ 200 is obtained by summing in quadrature the contributions from the cluster radius, total light, the dark matter and galaxy concentrations. Our finding of an increasing mass-to-light ratio is consistent with other studies (in K-band: paper I; in optical: Girardi et al. 2002; Bahcall & Comerford 2002 , and in group scales: Pisani et al. 2003; Tully 2003) . It is interesting to compare the cluster mass-to-light ratio with that of the universe Υ univ = Ω M ρ c /j = 90 ± 19h 70 Υ ⊙ (shown as the dashed line in the figure), where we take the measurement of Ω M from WMAP (Bennett et al. 2003) , and use the mean luminosity densityj measured by Bell et al. (2003) . The mass dependence of cluster mass-to-light ratio makes it less secure as an indicator of the matter density parameter, unless the relative distribution of light and matter is taken into account (Ostriker et al. 2003) .
The existence of the L-M relation (or an increasing mass-to-light ratio) is intriguing in two ways. First, it indicates that the star or galaxy formation process in clusters and groups is regular. It is thus relatively easy to predict the stellar mass in a cluster, once a mean stellar mass-to-light ratio is known. (Please see §4.1 in paper I for further discussion.) Second, the slope of the scaling deserves more attention because the slope is less than unity, high mass clusters seem to produce light (stars) less efficiently than low mass clusters. In paper I we attribute this to a possible change in star formation efficiency across this mass range. Although this is one viable cause, we will seek other possible explanations within the context of the HOD. For now we remind the reader that we are only accounting for light within galaxies.
The brightest cluster galaxies are among the most luminous objects in the universe. Their contribution to the cluster luminosity is not negligible (e.g. Oemler 1976; Gonzalez et al. 2000) . We have identified the BCGs in the clusters in our sample and estimate their luminosity. Interestingly we find that, although the distribution of the BCG luminosity L bcg is relatively narrow (in terms of Kband magnitude, the mean is M K = −26.18 ± 0.05 mag, with a 0.45 mag scatter), there exists a tight correlation between L bcg and the total luminosity L 500 (which is the sum of the luminosity from all galaxies). These results will be presented elsewhere (paper III). The most important implication from this investigation is that the BCG contribution to the total light is a crucial factor in shaping the L-M correlation. Because a larger proportion of the light in group scale systems comes from the BCG, exclusion of L bcg steepens the slope of the light-mass relation. Denoting the total light from all galaxies but the BCG as L s 500 = L 500 − L bcg , it is found that L s 500 ∝ M 0.83 500 -a 3σ change in slope! The BCGs are the main cause of a flatter L-M relation. We turn to the halo occupation number now to further examine the origin of the L s -M relation.
Halo Occupation Number
We examine the halo occupation number using the galaxy LF within each cluster. Once the Schechter parameters φ * & L * are determined for each cluster (without the BCG), the total number of galaxies brighter than a luminosity threshold L low is simply N = 1 + N s , where the first term denotes the BCG count, and N s = V φ * ∞ y low y α e −y dy, where y low = L low /L * and V is the cluster volume.
Excluding the BCGs results in a L-M relation at r 500 of slope 0.83 (c.f. Eqn 4, Table 1 ). This demonstrates the importance of light from BCGs to the total luminosity budget. However, unlike the total luminosity, the mean number of galaxies should be much less sensitive to the absence of BCGs, since they only stand for one count per cluster. Including the BCGs, we find that N 500 ∝ M 0.82±0.04 500 ; without the BCGs, the resulting halo occupation number is (Fig 6) N s
and indeed only small change in slope is found. The superscript emphasizes this number does not count the BCGs. We note that the rms scatter about the best-fit line is 35%, slightly larger than that of the light-mass relation. The halo occupation number, as well as other derived LF parameters, for each cluster, is listed in Table 2 .
Interestingly, the slope of the N s -M relation is essentially the same as the BCG-free L s -M relation. This implies that, except for the BCGs, the sum of galaxy luminosities scales as total galaxy number in clusters (i.e. the shape parameter L * of the luminosity function does not change with cluster mass). This is true also for the (Table 1) . The bottom panel of Fig 6 shows α p , a measure of the spread in P (N |M ), defined as the ratio of the second moment to the first moment of the occupation number Berlind et al. 2003; Kravtsov et al. 2003) . In the case that the distribution is Poisson, α p = 1. We calculate α p by averaging the occupation numbers in 7 mass bins, each of which has a roughly equal number of clusters. There are several observationally determined results for the halo occupation number. Most of these come from matching the observed galaxy two-point correlation function or power spectrum (e.g. Seljak 2000; Peacock & Smith 2000; Yang et al. 2003; Zehavi et al. 2003; Magliocchetti & Porciani 2003) . Generally speaking, this is done by assuming a form of the HOD, adjusting the parameters until the prediction from the halo model matches the observed galaxy clustering. There are other groups who use different approach to study the HOD. For example, by studying the velocity dispersions of groups in the Updated Zwicky Catalog, Pisani et al. (2003) find that N ∝ M 0.7±0.04 . Using the LF from the Nearby Optical Galaxy sample, Marinoni & Hudson (2002) obtain the HOD for objects with a wide range in mass. An advantage of using the LF approach to determine the properties of the HOD is that we can measure any moment of the HOD, unlike the approach relying on the measurements of galaxy clustering, which is sensitive to the first and second moments only.
Another approach similar to our use of the NIR N -M relation is presented in Kochanek et al. (2003, hereafter K03) . They identify clusters in the 2MASS all-sky data using a matched filter cluster finding algorithm. They also calculate the N -M based on a sample of 84 clusters with X-ray temperatures and find that N 666 ∝ T 2.09±0.17 X , where N 666 is the number of galaxies brighter than M * = −24.16 within r 200 . With the X-ray mass-temperature relation M 500 ∝ T 1.58 X adopted in our work, their relation goes as N 666 ∝ M 1.32±0.11
500
, which is inconsistent with our result. K03 examine the N -M relation using several different mass estimators, and the average slope is γ = 1.10 ± 0.09, closer to our results.
We have considered possible explanations for these differences. A way to bias the slope of the N -M relation is to have a mass-dependent systematic in the analysis. In both studies a constant faint-end slope α is assumed (although the values differ slightly). As shown below in §5.1, there is no evidence for variations in α with mass to a depth of M K = −21. They report the number of galaxies above M * , which they assume is fixed, whereas we report the number of galaxies above M low = −21, a reasonable effective absolute magnitude limit for our cluster sample. We fit for M * independently in each cluster, but there is no trend for varying M * with mass, so this cannot explain the difference. As discussed in paper I, we believe that the most important difference between the K03 analysis and ours is the cluster selection and mass estimation. Specifically, we use the peak in X-ray emission as the cluster center and the emission-weighted mean temperature as the mass estimate. Thus, we examine galaxy properties within a region that is defined using X-ray observables. K03 find their clusters and estimate galaxy number and light using only NIR observables. NIR observables are less accurate mass estimators (see Figure 3 ), introducing additional scatter in the observed galaxy number at a fixed mass. Note that the scatter about their N -M relation derived for systems with X-ray temperature (their eq. 35) is approximately 2.5 times larger than the scatter about ours. Because of the steepness of the mass function, this scatter will tend to move more low mass systems to higher estimated mass than high mass systems to lower estimated mass; this will generically lead to a systematic bias in the slopes of scaling relations. In estimating cluster light or galaxy number K03 use a galaxy model with fixed metric radius, and then attempt to bootstrap to the correct light or number using the properties of the detected clusters. It is well known that a matched filter approach works best when the target and filter are most similar, and so this approach could easily be a source of mass-dependent systematics in their analysis; K03 work hard to tune their method using Nbody simulations to remove these systematics. We now know this approach is likely to be flawed, because our Figure 1 shows that the galaxies are distributed in a way consistent with an NFW model with concentration c ∼ 3, which is less concentrated than the observationally estimated dark matter profiles in clusters (see discussion in §3.1). Thus, accurately tuning a cluster finding algorithm with simulations requires a galaxy population that has different properties than the dark matter.
Most of the above studies and our results show that at large halo masses, N s ∝ M γ , where γ 1. From the theoretical view point, this is expected. For example, in the standard paradigm of semianalytic models galaxies are assumed to form in dark haloes of mass above a threshold, below which there is not a sufficient amount of gas to cool to initiate galaxy formation. At the low mass end of the halo population, there are 1 or 0 galaxies per halo, on average. As the structure grows hierarchically, the small haloes merge and galaxies merge (to the central galaxies of the newly formed halos, within a dynamic friction time). Although gas in the larger mass haloes still can cool and form galaxies, the efficiency of gas cooling is a steeply decreasing function of halo mass (e.g. Cole et al. 2000) . In this picture, therefore, the mass naturally increases faster than the number of galaxies. Recent high resolution simulations have confirmed these expectations (e.g. Berlind et al. 2003; Kravtsov et al. 2003) . In particular, the latter, a pure N -body simulation, finds that γ ∼ 1 for subhaloes of different abundances, as well as at different cosmic epochs. By matching the number density of their subhaloes to that of galaxies at M r ≤ −18 (roughly corresponding to M K = −21.3, using the field LF from Kochanek et al. 2001) , they find γ = 0.92 ± 0.03, in good agreement with our result at r 200 .
A slope γ < 1 indicates that more massive clusters have fewer galaxies per unit mass, compared to their lower mass counterparts. A naive explanation is that clusters "lose" galaxies as they merge toward the high mass end. To be more specific, γ ∼ 0.85 implies that a 10 15 M ⊙ cluster has ∼ 30% fewer galaxies than the sum of ten 10 14 M ⊙ clusters. (Of course, a 10 15 M ⊙ cluster need not be a direct merger remnant of ten 10 14 M ⊙ clusters.) A natural question is then, how do the galaxies disappear? An equivalent way of thinking about this is to ask: can we make a present day 10 15 M ⊙ cluster by merging less massive clusters or groups we see today? How will the merger process alter the population of galaxies within their progenitor haloes? We continue in the next section to study the implications of the L-M and N -M relations.
galaxy population transformation
Within the hierarchical structure formation scenario, high mass clusters are made of low mass clusters through the processes of merging and accretion. If nothing destroys galaxies in the merging process (which is unlikely) or through some other process that does not have a dependence on cluster mass, we would expect N ∝ M , and other properties concerning cluster baryons such as the stellar mass fraction and the cluster mass-to-light ratio to remain the same in high and low mass clusters. However, observations show that this is not the case (e.g. paper I, Sanderson et al. 2003) . Identifying physical processes whose efficiency varies with cluster mass is therefore an important step toward understanding the meaning of the L-M and N -M relations.
We first list a few candidate processes that may change the galaxy populations as clusters merge and grow in mass (e.g. Treu et al. 2003) : tidal stripping, "galaxy harassment" (cumulative tidal disruption due to impulsive encounters between galaxies or cluster substructures, Moore et al. 1998 ), dynamical friction, galaxy mergers, ram pressure stripping, variable star formation efficiency, and the ageing of stellar populations. These mechanisms may not be independent of each other, but their action can transform galaxies' internal properties, making them fainter, or changing their spatial distribution. In the following sections we attempt to use the observational constraints from our 2MASS cluster study to gauge the relative importance of the mechanisms listed above.
Constraints from Luminosity Function
In Fig 7 we show the composite LFs for the 25 most and least massive clusters. The mean (median) masses M 500 for the two subsamples are 5.3(4.7) × 10 14 M ⊙ and 7.9(8.0) × 10 13 M ⊙ , respectively. Because the high mass clusters in our sample tend to be at higher redshifts, their LF is only sampled down to M K ≈ −21, while the LF of the low mass clusters is probed about one magnitude deeper. For meaningful comparison, we only consider down to M K = −21. The faint-end slopes are similar (down to the completeness limit M K,low = −21 of the high mass clsuter LF). The lower panel shows the difference between data points with the best-fit LF for low mass clusters. Low mass clusters show deficit of extremely bright galaxies, but have higher density for galaxies of moderate luminosities (M M * ) compared to high mass clsuters.
The best-fit to the high mass cluster LF (hereafter HMLF) is α = −0.84 ± 0.03, M * = −24.10 ± 0.04 & φ * = 4.00 ± 0.16 Mpc −3 , while that for the low mass cluster LF (hereafter LMLF) is α = −0.81±0.04, M * = −23.94±0.06 & φ * = 5.34 ± 0.33 Mpc −3 . We note that in both LFs the BCGs are excluded. From the figure it is seen that the low mass clusters lack extremely bright galaxies (therefore the fainter M * ) but are more abundant in faint galaxies (thus the larger φ * ). To make this clearer we plot in the lower panel of the figure the deviation of the low and high mass cluster LFs from the best-fit LMLF, in units of standard deviation. At M K −23.5 the LMLF points are higher than the HMLF, and at M K −26 there are no galaxies in low mass clusters.
The mechanisms that build the cluster halo occupation distribution must also be responsible for transformation of the LFs. One naive way to convert the LMLF to the HMLF is to reduce the abundance of galaxies fainter than M * in low mass clusters, and make more bright galaxies that are of comparable luminosity as the BCGs in low mass clusters. Tidal stripping, ram pressure stripping, galaxy harassment, differences in star formation efficiency, and stellar ageing, can be responsible for the first step, while dynamical friction and mergers between galaxies may act to complete the second step. We examine their effects in more detail below.
Because of the tidal field of the host halo, subhaloes orbiting within a cluster will lose their mass continuously (e.g. Merritt 1984; Klypin et al. 1999; Hayashi et al. 2003; De Lucia et al. 2004) . Utilizing the expressions in Klypin et al. (1999) , we estimate the average fractional mass loss of a galactic halo of mass m within a cluster of mass M to be ∆m
where r is the orbit radius, r v is the cluster virial radius, and L(r), the likelihood of galaxy distribution within the cluster, is taken to be an NFW profile with c g = 3.
For 10 11 ≤ m < 10 13 M ⊙ , we find that ∆m(m, M )/m ∼ 0.35 − 0.4 for M = 10 14 M ⊙ . For larger cluster halo mass M , the mass loss is somewhat smaller, which is due to the smaller concentration of the more massive halo. These estimates may well be lower limits, as the simulations suggest . Estimating the amount of light that is stripped off is more problematic, because it involves knowledge of the relative distribution of light and mass within subhaloes. Nevertheless, this simple exercise shows tidal stripping may effectively make galaxies dimmer-if not completely destroy them-particularly in less massive clusters.
Ram pressure stripping has been proposed to explain the possible transformation between normal spiral galaxies and S0s in intermediate redshift clusters (Poggianti et al. 1999) . Numerical studies show that, with a time scale of ∼ 10 7 yr, ram pressure stripping can deplete ∼ 50% of gas from a disk galaxy (Abadi et al. 1999 ). However, this mechanism is most efficient in the central regions of the clusters, where the intracluster gas is densiest; it is therefore important to check the spatial distribution of galaxies in order to assess the contribution of ram pressure stripping. Regardless, the changing of galaxy type is likely not relevant in explaining the systematic variation in the luminosity function as we move from low mass to higher mass clusters.
Tidal interactions during fast encounters between galaxies or between a galaxy and a local substructure (galaxy harassment) is an effective way of transforming galaxies (Moore et al. 1998) . As numerical studies show (Gnedin 2003) , tides are not necessarily strongest during core penetration. In fact, most of the strong tidal forces appear near encounters with local substructure (e.g. within infalling groups). As clusters continue to grow by accreting haloes, more and more galaxies get transformed (spirals become S0s, low surface brightness galaxies and dwarf spheroidals get destroyed and produce diffuse intracluster light, while ellipticals, which may be in place well before clusters form, are less affected). It is found that low surface brightness galaxies with luminosity near L * are destroyed most efficiently (Gnedin 2003) . However, they probably only constitute a small proportion of the galaxy population, and galaxies of this sort are unlikely to appear in our 2MASS sample (Bell et al. 2003) ; therefore, their destruction could not account for the slope of the HOD in our analysis.
Another way of altering the halo occupation number above some limiting absolute magnitude is to alter the luminosity of galaxies, moving them into or out of the sample. Varying star formation efficiency across cluster mass scales acts in the right direction to reduce the number of galaxies in higher mass clusters (e.g. Cole et al. 2000; Springel & Hernquist 2003) . As for stellar ageing, studies indicate that stellar ages in high and low mass clusters do not differ much (e.g. Stanford et al. 1998 ). Using ageing effects to explain our K-band results is especially difficult, because of the reduced sensitivity to young stars. The NIR stellar mass-to-light ratio varies only a factor of 2 over a Hubble time (Madau et al. 1998) . We emphasize, though, that neither of these physical processes are at work in the numerical study of the halo occupation distribution where a similarly, flat N -M relation is seen (Kravtsov et al. 2003) . Thus it is clear that the galaxy transformation we observe can be explained without resorting to these processes.
As for the bright end of the LF, the appearance of bright galaxies in high mass clusters may be the result of merging; some of the bright galaxies may be merger remnants occurring in lower mass haloes, and some may be the BCGs in less massive clusters that have recently merged with the main cluster. Because tidal stripping is very effective, producing very bright galaxies from what were previously BCGs in subclusters may require merging with other less luminous galaxies during cluster infall and subsequent virialization.
In summary, the transformation of the LFs may well involve several mechanisms. In the next section, we try to further differentiate these processes by inspection of the galaxy spatial distribution.
Constraints from Galaxy Distribution
One way of flattening the slope of the N -M relation would be if galaxy distributions in high mass clusters are more extended (with respect to the virial radius) than in low mass clusters. We check this possibility by examining the galaxy distributions in low and high mass clusters.
In Fig 8 (lower panel) we show the profiles for stacked clusters built from the 25 most and least massive clusters (again excluding their BCGs). The normalization of the profiles is arbitrarily chosen so the two profiles are clearly displayed. These two radial distributions are statistically consistent, indicating that groups and clusters have similar radial galaxy distributions. Fitting the NFW model to the two, the best-fit concentration parameters are 2.84 +0.37 −0.32 & 2.88 +0.55 −0.52 , for high mass and low mass clusters, respectively. Therefore, any variation of galaxy concentration with respect to cluster mass must be weak. figure) . The galaxy radial distributions are consistent with each other. The two profiles are fit with cg = 2.8 ± 0.3 (high mass) & 2.9 ± 0.5 (low mass). We adjust the relative normalization of the profiles for ease of comparison.
Our finding indicates that, whatever the mechanisms that are responsible for the galaxy population transformation, they have to operate in such a way that the galaxy radial distribution is unaffected. This suggests that mechanisms whose efficiency strongly depends on the typical clustercentric distance of a galaxy are not preferred. Thus, it may be that ram pressure stripping and mean field tidal stripping are not major contributors to the population difference in high and low mass clusters, unless the bulk of galaxies are on highly eccentric orbits that take them near the cluster center.
By combining several high-resolution simulations, De Lucia et al. (2004) are able to address the subhalo radial distribution in parent haloes of different masses, under the effects of tidal stripping. They find that the (3D) subhalo number density is similar in host haloes of mass 10 14 and 10 15 M ⊙ (their figure 6) , which is in good agreement with our finding. However, they also find that more massive subhaloes tend to reside at larger radii from the center of host haloes, because of the efficiency of tidal stripping within the cluster environment. In Fig 8 (upper panel) we examine the distribution of bright and faint galaxies (with an arbitrary luminosity separation at M K = −23.5) and find that the two galaxy populations have similar projected radial profiles (the bright galaxy distribution has c g = 2.99 +0.31 −0.25 , while the faint galaxy distribution has c g = 2.75 +0.33 −0.32 ). We note that when the BCGs are included, the profile of bright galaxies becomes very cuspy and thus quite different from that of faint galaxies; however, De Lucia et al. (2004) do not include the BCGs in their sample either (which are identified as the friend-offriend groups themselves). If the mass of a subhalo has a simple correlation with the luminosity of the galaxy that resides inside, the simulation result appears to be inconsistent with our analysis. A further disagreement appears when comparing the galaxy distribution with that of subhaloes in numerical simulations (Diemand et al. 2004 ); subhaloes have a much less concentrated distribution.
The results in these two sections seem to pose some difficulties for dynamical processes. Tidal interactions surely can cause mass loss in subhaloes, and produce the observed subhalo profile (assuming there is an one-to-one correspondence between a subhalo and a galaxy). However, the majority of galaxies that need to be absent in high mass clusters (those fainter than M * ) may not be easily destroyed by tides. In addition, the similar spatial distribution of galaxies (in high and low mass clusters and for bright and faint galaxies) provides some argument against tidal interaction, ram pressure stripping, and cannibalism by the central galaxy.
Redshift Evolution of the HOD
Comparison of present epoch groups and clusters may lead to a biased picture of the transformation of the galaxy population. The progenitors of the present day high mass clusters, namely the lower mass clusters at higher redshifts, may not have the same properties as present day low mass systems. It may be that the moderate or low mass clusters at high redshift have systematically fewer galaxies per unit mass than their present epoch counterparts. Interestingly, high resolution N -body numerical studies have shown just the opposite; the normalization of the halo occupation number of subhaloes increases by a factor of 3 from z = 0 to z = 5 (Kravtsov et al. 2003) .
A clean way to examine this would be to trace the cluster LFs to high redshifts and compare clusters of roughly the same mass. An existing dataset makes this comparison possible (De Propris et al. 1999, a heterogeneous sample of 38 clusters from 0.1 < z < 1); each cluster in the sample is imaged in K s -band to about M * (z) + 2 mag (assuming passive evolution in galaxy luminosity). We collect the emission-weighted mean temperature T X from literature for 20 of these clusters, and we re-scale the backgroundcorrected number of galaxies to r 500 for the clusters with T X information. r 500 is estimated by assuming the standard evolution of the M -T X relation (e.g. Mohr et al. 2000) . Using the best-fit values for M * at different cosmic epochs, we estimate the number of galaxies to a depth two magnitudes below M * for each cluster in the high-z sample. We also calculate the halo occupation number for our local sample in the same way. By doing so we hope to reduce any systematic differences between the low and high redshift cluster samples. (1999, hollow points) . We plot the ratio between the derived galaxy number and the best-fit N (M ) for each cluster in the two samples. The best-fit relation is obtained from the local sample with cutoff magnitude at M K = −22, roughly two magnitudes fainter than M K * (c.f. Eqn 6, §3.2).
This exercise shows that the clusters at high redshift have a larger halo occupation number, compared to the clusters of similar mass in our low-z sample. The results are shown in Fig 9, where we plot the ratio of the total galaxy number to the expected number in a local cluster of the same mass (using the best-fit N -M relation of the nearby sample). As expected, the nearby clusters scatter about unity. However, the clusters at higher redshifts almost all have a larger number of galaxies. The result holds true when the comparison is made at a smaller radius r 1800 , where less extrapolation for the high-z sample is needed. Although we attempt to match the analyses of the local 2MASS and high-z samples, systematic effects such as differences in star-galaxy separation in the two catalogs may still contribute to the differences in properties. However, if the high-z clusters do have a larger halo occupation number, our comparison then supports the finding of Kravtsov et al. (2003) , and rules out the possibility that progenitors of present day high-mass clusters have smaller mean galaxy number density compared to that of the low mass clusters we see today. In other words, the redshift evolution of the HOD appears to go in the wrong direction to explain the flatness of the local N -M relation. Observations have suggested a higher frequency of merger events in high redshift clusters (e.g. van Dokkum et al. 2000) . It is therefore likely that the higher mean occupation number found in high-z clusters is reduced over cosmic time as mergers take place.
To improve our understanding of the evolution of the HOD, we have begun an observational program to improve the available data on the local and high-z samples. In addition, a Spitzer Space Telescope GTO program will sample the rest-frame K-band light from distant clusters, which should provide more direct constraints on this aspect of cluster evolution.
systematic uncertainties
Before we consider the implications of our findings on the hierarchical structure formation, it is important to examine the robustness of our results. Here we investigate several factors that may potentially limit the interpretation of our results. In the Appendix we further consider the effects of our cluster selection and background subtraction method on the scaling relations.
Galactic Contamination. To obtain a large sample, we choose objects 10 deg out of the Galactic plane; however, the possible confusion from stars may bias our results for clusters located at |b| ≤ 25 • (e.g. Bell et al. 2003) . We therefore re-examine the scaling relations for the 78 clusters far from the Galactic plane (|b| > 25 • ). The results remain unchanged.
Uncertainties in Cluster Radius and Center. Fitting the galaxy distribution requires knowledge of the virial radius and the cluster center for each cluster. To test the robustness of our fit of the galaxy profile, we build mock clusters with characteristics similar to those in our sample (mass, redshift, halo occupation number, etc) and stack them, with uncertainties in the virial radius (up to 20%) and cluster center (up to 5 ′ ) added. Without any uncertainties, our fitting routine gives a slightly positive biased result (∆c ≡ c f it − c input ∼ 0.06 with scatter about 0.24). Uncertainties in the virial radius tend to cause a larger concentration than the true value (c f it > c input ), while uncertainties in cluster center act in the opposite direction. For example, a 10% uncertainty in the virial radius gives ∆c ∼ 0.26 with a scatter of 0.25, and a 1 ′ uncertainty in cluster center results in ∆c ∼ −0.06 and a similar scatter. For probable uncertainties in the above two quantities (10 − 20% & ∼ 1 ′ ), we find that ∆c ∼ 0.15 − 0.35, with scatter about 0.25. Therefore, it is possible that the true galaxy distribution concentration is even smaller than 2.9 found in §3.1. However, considering the fact that the LFs evaluated at r 500 & r 200 also suggest c g ∼ 3, we believe our result should not be too different from the true value.
Shape of the Luminosity Function. The choice of α is important, especially in deriving the total number of galaxies, and thus the halo occupation number. As we have shown in §3.2, the value we have adopted is consistent with the stacked luminosity function from our cluster sample. We test the scaling relations with different choices of the faintend slope: assuming α = −0.9 or −1.3 gives very similar (within 1σ) slopes for light-mass correlation, while result-ing slopes of halo occupation number that are ∼ 1.5σ away (and biased low and high, respectively) from the values presented for α = −1.1.
Mass-Temperature Relation.
The M -T X relation (Eqn 1) we adopt for estimating cluster mass from X-ray temperature is mostly suitable for systems more massive than M 500 = 3.57 × 10 13 h −1 70 M ⊙ (Finoguenov et al. 2001) . Although nearly all our clusters are more massive than this mass scale, it is important to consider the effect of a different M -T X relation on the scaling relations found in this paper. Using a steeper M -T X relation (e.g. the one with slope of 1.78 but a smaller normalization, see Table  1 of Finoguenov et al. 2001 ) would result in slightly flatter L-M & N -M relations whose slopes are about 1 − 2σ smaller than our best-fit values.
Cluster Mass Dependence of Matter and Galaxy Distribution. Numerical simulations suggest that the matter distribution concentration c dm has a weak dependence on halo mass (Bullock et al. 2001 ). Because galaxies may generally follow the dark matter, it is also possible that c g is a function of cluster mass. Because r 500 is inferred directly from X-ray observations, while r 200 is converted by assuming c dm = 5, the relations evaluated at r 200 may be affected by varying c dm (M ). Adopting the prescription for c dm (M ) given by Klypin et al. (1999) yields an almost identical L 200 -M 200 relation. Systematic variation of c g (M ) would come into our analysis through the conversion from the observed, "projected" quantities to those contained within the cluster spherical volume (see §3.1). As we show in §5.2, the data provide no indication of mass related trends in c g .
These tests indicate that our results are not sensitive to the parameters or methods that we adopt.
conclusions
We have analyzed a sample of 93 galaxy clusters whose virial masses range from 3 × 10 13 h −1 70 M ⊙ to 1.7 × 10 15 h −1 70 M ⊙ . We have used the peak in X-ray surface brightness to define the cluster centers, and we have used the observed correlation between emission-weighted mean temperature and cluster virial mass (Finoguenov et al. 2001 ) along with published cluster redshifts to estimate the scale of the cluster virial region. The following bulk properties of these systems are studied, with emphasis on any mass related trends: the composite cluster luminosity function, the galaxy distribution within the clusters, the correlation between total galaxy K-band luminosity and the cluster binding mass, and the halo occupation number.
Our analysis shows that the luminosity function (excluding the BCG) is well fit by a Schechter function with a faint-end slope between −1.1 α −0.84, and characteristic magnitude and number density between −24.34 ≤ M * − 5 log h 70 ≤ −24.02 and 3.01 h 3 70 Mpc −3 ≤ φ * ≤ 4.43 h 3 70 Mpc −3 . A NIR survey of nearby clusters to a depth of M K ∼ −19 would be useful in further constraining the faint-end slope. The composite galaxy distribution (0.02 ≤ r/r 200 ≤ 2) is found to be an NFW profile with concentration c g = 2.9 ± 0.2. This is somewhat smaller than the observed dark matter concentration, as well as that found in numerical studies. This implies that galaxies have a more extended distribution than that of the dark matter.
By solving the LF parameters L * and φ * for each cluster, we obtain the total galaxy luminosity, as well as total galaxy number ( §4) above some limiting absolute magnitude M K,low = −21. By comparing the galaxy NIR lightcluster mass correlation at different radii (r 500 & r 200 ) we find that the mass-to-light ratio decreases slightly with radius (as would be expected given the differing distributions of galaxy and dark matter). The L-M correlation has a slope smaller than unity (0.72 ± 0.04, see Eqn 4, Table 1 ), which implies that cluster mass-to-light ratio is an increasing function of cluster mass. However, excluding the BCGs significantly affects the normalization and the slope of the L-M correlation (but of course has only a minor effect on the halo occupation number). Without the BCGs, the total galaxy light roughly scales as the total galaxy number, which increases more rapidly with cluster mass (Eqn 6, slope is 0.85 ± 0.04; Table 1 ). The slope of the N -M correlation agrees well with the prediction of numerical simulations. In addition, we find the distribution of the halo occupation number about the mean is Poissonian (Figure 6 ). This flatness of the N -M relation in our local cluster sample indicates that higher mass clusters have fewer galaxies per unit mass than low mass clusters. We examine the occupation number of higher redshift clusters using published NIR and X-ray data; in crude agreement with numerical simulations, the higher redshift clusters have more galaxies per unit mass than nearby clusters. As massive clusters accrete lower mass systems, there must be processes at work that alter the galaxy populations, either reducing galaxy masses or perhaps even destroying some galaxies. Through further examination of our local cluster sample we find that the radial distribution of galaxies appears to be independent of cluster mass; in addition the ultra bright end of the luminosity function is simply not present within low mass clusters and groups, and the number density of galaxies fainter than about M * is higher in low mass clusters than in high mass clusters. Thus, the transformation of the galaxy population from low mass to high mass clusters appears to be a building up of a few extremely luminous galaxies and the destruction or faintening of galaxies fainter than M * . We note that there does not appear to be enough light in missing galaxies to account for the increases in the bright end of the luminosity function.
We investigate possible mechanisms that shape the slope of the halo occupation N -M correlation ( §5). We find that none of the mechanisms we consider can by itself offer a satisfactory explanation of the galaxy population differences between high and low mass clusters. Among these, tidal interactions (stripping, galaxy harassment) could be quite important, but presumably merging must also play a role in the production of very luminous galaxies. Further theoretical progress together with additional observational constraints from extensions of studies like ours will presumably lead to a clearer picture of the process of galaxy evolution within the cluster environment.
One implication of the observed N -M relation in both our local sample and the high-z sample is that galaxies are destroyed or dramatically altered through various dynamical processes in the cluster environment. One thus expects that the amount of the diffuse intracluster light would exhibit some correlation with the cluster mass (e.g. Malumuth & Richstone 1984) . In a companion paper (paper III), we will study the relationship between the BCG luminosity and the cluster mass, using it to limit the amount of the intracluster diffuse light. This will provide further insights into the cluster formation scenarios and the evolution of cluster galaxies.
An improved understanding of the redshift evolution of the HOD is critical for those who would use deep, NIR or optical cluster surveys to study cosmology. High yield cluster surveys must employ simple mass estimators such as the galaxy number or luminosity, because it would not be feasible to conduct detailed mass measurements using X-ray imaging spectroscopy, galaxy velocity dispersions or weak lensing. Our study provides a local calibration for these mass-observable relations. However, extracting cosmology from the observed cluster redshift distribution will require knowledge of how these relations evolve. Our comparison of the local sample to the published data on the high-z clusters suggests that cluster virial regions are better represented by galaxy number and light at high redshift than they are locally. Depending on how the non-cluster galaxies are evolving, this could boost optical and NIR cluster finding at high redshift. It remains to be seen whether the recently discussed cluster survey selfcalibration approach (Majumdar & Mohr 2003; Hu 2003) will work with the higher scatter galaxy-based mass indicators.
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APPENDIX
Here we provide some tests that help assess the robustness of the scaling relation between the cluster light and mass presented in this paper. We show below that the use of the statistical background subtraction method is adequate and does not cause noticeable mass-related trends. Further we show the use of a heterogeneous cluster sample does not bias the L-M and N -M scaling relations.
Statistical Background Subtraction. We first probe for mass related biases in the statistical background subtraction by examining the fraction of the observed flux that comes from the background. This may be a concern since for more massive clusters (which tend to be more distant) the total light derived may be more sensitive to the reliability of the statistical background method. Fig A1 (left panel) shows there is no obvious trend related to cluster mass. Typically 16% of the observed flux is subtracted as background flux. For the 78 clusters that do not require large statistical background flux subtraction (f bgn /f obs ≤ 0.23), we find the slope of the L-M relation remains the same.
Furthermore, a comparison of the background galaxy counts estimated by the statistical background method and by the "annulus" background method can reveal how secure the former method is against field-to-field variations. Under the assumption that cluster galaxies are distributed according to an NFW profile with c g = 3, we solve for the constant background Σ b,a and the overall normalization of the NFW profile by the total galaxy counts in cluster virial region and within a large annulus around the cluster (c.f. §2.2.1 in paper I). We show the resultant "annulus" background surface density in Fig A1 (right panel) . The field-to-field variation is large, but the average Σ b,a = 15.1 ± 1.6 deg −2 (the solid horizontal line) is in good agreement with the expectation of Σ b,s = 14.4 ± 0.3 deg −2 , obtained by integrating the log Nlog S to the 2MASS completeness limit K = 13.5 (shown in the figure as a horizontal dashed line). It is interesting that for two clusters, Σ b,a < 0, which probably indicates that an NFW profile does not describe the galaxy distribution well. Finally, we note that the clusters are sorted in an order of decreasing mass; it thus appears that employing the statistical background method does not introduce any mass trends.
Cluster Selection. As we point out previously, our cluster sample is basically X-ray-selected; more massive clusters tend to be at higher redshifts, and therefore any redshift-related systematics may be interpreted as a mass trend. Following paper I, we divide our clusters into "hot" and "cold" subsamples, with kT X = 3.8 keV as the dividing point. The mean redshifts for the hot and cold subsamples are 0.056 and 0.031, respectively. To investigate if any redshift trend exists, we choose z = 0.043 to separates clusters into "nearby" and "distant" categories. In Fig A2 we show the LF parameters M * and φ * . The filled pentagons represent hot clusters, while open circles denote cold clusters. Furthermore, the relative sizes of the symbols indicate whether they are nearby or distant. Dividing the whole sample into distant and nearby subsamples, a two-dimensional Kolmogorov-Smirnov test indicates that the two subsamples are highly likely to be drawn from the same parent distribution. Within each temperature group, there is also no difference between M * and φ * for distant and nearby clusters.
Because 2MASS is a flux-limited survey, only the brightest galaxies can be observed in more distant clusters. Therefore deriving the LF for these distant-approaching z ∼ 0.1-clusters (especially when they are not massive) requires some extrapolation. We have examined the scaling relations by excluding those clusters whose estimated total light is more than 3 times the total observed light. The changes in the slopes of the scaling relations are within the statistical uncertainties. Finally, we consider a subsample of 49 clusters that are within HIFLUGCS (Reiprich & Böhringer 2002) , which is a X-ray flux-limited sample. The scaling relations based on this subsample show slight increases in slope, but all within 1σ from those listed in Table 1 . 
